The propagation of helicon waves and the plasma density has been measured in a cylindrical, magnetized plasma for a range of magnetic fields and input power levels. A transition in the coupling mechanism from electrostatic ͑E mode͒ to inductive ͑H mode͒ coupling is evidenced by a sharp change in the plasma density coinciding with a change in the wave fields from a linearly polarized standing wave, with highest amplitude close to the antenna to a right-hand elliptically polarized traveling wave with a phase velocity of about 6ϫ10 6 m/s extending into the downstream region. An explanation of the transition to the H mode is put forward in terms of the conductivity across the magnetic field and an associated skin depth for power deposition. The polarization of the wave fields in the H mode is interpreted in terms of the interference between mϭϩ1 and Ϫ1 modes ͑where m is the azimuthal mode number͒.
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I. INTRODUCTION
While helicon waves have been shown to exist in many laboratory plasmas, 1 ,2 their precise dispersion and coupling with external antennas is still not clear. Many experiments use either a double saddle field coil or a Nagoya type III coil, which are so constructed to impress an axial half-wavelength on the plasma column. Due to their azimuthal configuration, these antennas theoretically launch both mϭϩ1 and m ϭϪ1 modes. However, some experiments show only the mϭϩ1 mode 3 while others show the existence of both. 2, 4, 5 Of equal importance to the understanding of helicon sources is the jump in density observed when either the magnetic field or the rf power is increased. It has been shown that dramatic jumps occur 6 ͑generally for higher magnetic fields, with the excited axial helicon wavelength much longer than the system͒, and this has been associated with the transition from capacitive ͑E͒ to inductive ͑H͒ coupling to the discharge. Smooth transitions occur when the helicon wavelength is smaller than the system ͑generally for smaller magnetic fields͒, and these have been associated with a direct transition from E to helicon wave ͑W͒ sustained discharges.
The geometry of the system can also play a role, especially when the axial wavelength becomes comparable to the length of the system. A theoretical basis for this has recently been provided by Lieberman et al., 7 in which it is shown that the geometrical length of the plasma affects the coupling efficiency of rf power when in the helicon wave mode.
By using a double half-turn antenna ͑basically one end of a Nagoya type III antenna͒ it was shown 6 that an increase in ionization downstream from the antenna ͑in this case 1.0 m͒ occurred when the phase velocity of the helicon wave was 3ϫ10 6 m s
Ϫ1
. Phase velocities either higher or lower were associated with lower downstream densities. This was interpreted as being due to the axial electric field of the wave effectively trapping and subsequently accelerating electrons of an initially Maxwellian distribution ͑under the antenna͒ away from the antenna resulting in ionization remote from the wave launching region. These experiments did not impress a wavelength on the system and so it was reasonably simple to change the phase velocity by changing the magnetic field.
We note that for high magnetic field experiments with small diameters ͑about 1 kG and 5 cm, respectively͒ only mϭϩ1 waves are expected 8 and are observed. The interaction of the wave with the plasma in this case can simply be explained by linear damping arising from electron Coulomb collisions in the high-density (Ͼ10 13 cm
Ϫ3
) plasmas. 9 In most helicon sources used for plasma processing experiments, the magnetic field is low ͑Ͻ100 G͒, the diameter is large ͑Ͼ10 cm͒, and the antennas used impress an axial wavelength on the system. Hence, the situation is much more complicated, as commonly the axial wavelength is comparable to the length of the plasma, there are axial gradients in the magnetic field and the plasma density, and the wave transition from E to H commonly occurs in a parameter region encompassing the jump to a wave-sustained discharge. It is in such a plasma that these experiments were conducted in order to try and separate some of the effects noted above.
In this paper we describe an experiment in which the presence of helicon waves is established by comparing the measured axial phase variation of the wave magnetic field with that predicted by the helicon dispersion relation. The polarization of the helicon wave magnetic field is studied on axis at various distances from a Nagoya type III antenna to interpret the mode structure. We find that both mϭϮ1 fields are strong under the antenna for low input power ͑ϳ200 W͒, but the mϭϩ1 mode dominates as the distance from the antenna is increased. kW͒, the mϭϩ1 mode dominates throughout the length of the plasma. We also find that the preferred axial wavelength for helicon waves in this system corresponds to the geometrical source length.
II. EXPERIMENTAL SETUP
The helicon source used in this experiment is shown in Fig. 1 and consists of a vertical quartz source tube of 14 cm diame and 58 cm length connected on axis to a stainless steel diffusion chamber of 30 cm diame and 33 cm length. A dc axial magnetic field of up to 100 G on axis is provided by a set of six evenly spaced solenoids along the source and three along the diffusion chamber. Each solenoid in the source is 4.3 cm wide and the separation between solenoids is 5.0 cm, the top solenoid being 2.0 cm below the exterior top of the vessel. The magnetic field is cusped between the top two solenoids to minimize plasma contact with the conducting endplate at the top of the source. The solenoids in the diffusion chamber are not used in this experiment. The dc magnetic field is directed vertically upward on axis, and has the variation shown in Fig. 1 .
The vessel is pumped down to a base pressure of 10 Ϫ6 Torr using a turbo molecular pump connected to the bottom of the diffusion chamber. Argon gas is fed into the vessel via a flow controller through an inlet in the endplate at the top of the source. The gas pressure measured in the diffusion chamber is set to 3.8 m Torr by setting the flow controller to 19.5 sccm.
Up to 1.2 kW rf power at 13.56 MHz is provided to a ''pi'' network matchbox connected to a Nagoya type III antenna to couple power to the plasma. The antenna is 14 cm long and is positioned such that the antenna feeds are between the second and third solenoids, so that the circular elements of the antenna are 11.5 and 25.5 cm below the top of the vessel.
In this experiment, z is defined to be in the downward vertical direction ͑opposite to the dc magnetic field͒, x( ϭ0°) is defined to be the direction from the center to the antenna feeds leading to the matchbox, and y(ϭϩ90°) is defined to be rotated 90°clockwise, as seen from above.
Diagnostics 1. Density measurements
A microwave interferometer ͑PMT DDM -01-B͒ is positioned such that line density measurements are taken across a diameter in the source at zϭ37 cm ͑i.e., between the fourth and fifth solenoid from the top͒. The large diameter of the horns ͑5 cm͒ needed to launch waves at 30 GHz limits the axial resolution of this measurement. The line integrated density across the diameter is given in units of 10 12 cm Ϫ2 ; dividing by the source diameter ͑14 cm͒ gives the lineaverage plasma density in cm Ϫ3 . The axial plasma density variation was estimated from Ar͑I͒ emission measured across a diameter using an optical fiber ͑to collect light at positions in between the solenoids͒ connected to a monochromator backed by a photomultiplier tube. The intensity measurement was calibrated to density at the position of the microwave interferometer.
rf magnetic field measurement
The rf magnetic field components perpendicular to the dc magnetic field are measured as a function of z along the axis of the source using a b-dot probe. This probe is mounted on an 80 cm long tube and is comprised of a three turn winding of 0.4 mm copper wire with a diameter of 5 mm that is oriented with its normal perpendicular to the dc magnetic field. The leads from the probe coil are fed through the tube as a twisted pair to a hybrid combiner circuit 10 that separates the differential voltage signal across the probe induced by the rf magnetic field from the common mode signal on the twisted pair caused by unwanted electrostatic pickup along the length of the probe ͑the rejection ratio is about 100:1͒. The probe is inserted into a glass tube down the axis of the source that is closed at the end ͑keeping the probe separate from the plasma and vacuum system͒ and amplitude and phase measurements are made as functions of axial position. Measurements are also made as functions of the angle of rotation of the probe ͑͒ at constant axial positions of 1.5, 11.5, and 21.5 cm below the lower element of the antenna at zϭ27, 37 and 47 cm, respectively.
In these measurements an increase in the phase with position corresponds to an increase in the time taken for wave fronts to pass by the probe as the distance changes, thus indicating the wave's phase velocity ͑/k, where is the angular frequency and k is the wave number component in the direction of the change in position, i.e., z or in this experiment͒. Any change in the amplitude of the signal indicates the interference of two or more wave numbers or the damping of the signal. Generally the interference of two waves of different wave numbers is indicated by largeamplitude modulations with abrupt changes in phase of Ϯ occurring at the minima. The size of the amplitude modulation and the abruptness of the phase change give information on the relative size of the interfering signals.
III. RESULTS AND DISCUSSION
A. Transitions in the plasma density
As the rf input power is increased from low power levels ͑100 W͒ an abrupt change in the optical emission from the plasma and the measured plasma parameters is observed in nearly all the experiments carried out.
For example, the plasma density at zϭ37 cm was measured as the power was increased by 100 W intervals up to 1.2 kW, and the dc magnetic field was varied between 17 and 100 G. These results are shown as a function of power for different magnetic fields in Fig. 2͑a͒ . Aside from the general increase of n e with the input power, this figure shows that discrete jumps in the density occur as the power is varied ͑evidenced by discrete changes in slope on the log-log plot͒ for all magnetic field settings except 17 Gs.
In the high-density mode after the jump, the density is proportional to power and to the magnetic field strength. The magnitude of the jump in density and the power level at which the jump occurs both increase as the magnetic field is increased. Experiments referenced earlier also show similar behavior. With this in mind, Fig. 2͑a͒ was replotted in such a way so as to group all of the data as close as possible. Dividing the abscissa by B and the ordinate by B 2 proved to be the simplest expedient, the result being shown in Fig. 2͑b͒ . As seen in the figure, the data do group well, suggesting that some basic physical phenomenon is responsible. The jump occurs for n e /B 0 2 ϭconst (6ϫ10 7 cm Ϫ3 G Ϫ2 ) and P/B 0 ϭconst ͑6 W/G͒. Having arrived at this purely empirical relationship, it is necessary to see if any simple physical relationship is responsible for this behavior.
The data appears to be consistent with a transition in the antenna coupling mechanism from the E mode ͑capacitive coupling of the voltage across the antenna to the plasma͒ to the H mode ͑inductive coupling of the antenna current to the plasma͒, which has been extensively reported in helicon plasma experiments. 4, 6, 7 However, the experimentally observed scaling of the density and power at the transition with the magnetic field requires some explanation.
Inductive coupling is thought to occur when the conductivity of the plasma increases to a significant value ͑as the electron density n e is increased due to power input from another coupling mechanism, such as capacitive coupling͒, allowing an oscillating plasma current to be induced in the plasma by the antenna fields. These fields are evanescent and decrease in amplitude with a scale length known as the skin depth ␦, which scales with (1/) 1/2 . Generally the transition to the H mode occurs via positive feedback ͑caused by the increase in conductivity with density as the power input due to inductive coupling increases͒ as the skin depth decreases to the scale length of the system. 6 In a low-pressure unmagnetized plasma the skin depth is equal to the collisionless skin depth ␦ 0 ϭc/ pe ͓where pe ϭ(e 2 n e /⑀ 0 m e ) 1/2 is the electron plasma frequency͔. The definition of skin depth in a plasma with finite magnetic field B 0 is complicated by the change in conductivity across field lines, which is described in terms of the conductivity tensor . For the present case we consider the directly perpendicular and parallel components of the conductivity ͑i.e., the diagonal terms of the conductivity tensor Ќ and ʈ ͒. It is easily shown that under conditions where ce ӷ ͑where ce ϭeB 0 /m e is the electron cyclotron frequency͒, Ќ and ʈ are related by
. ͑1͒
If perpendicular and parallel skin depths ͑␦ Ќ and ␦ ʈ ͒ can be associated with Ќ and ʈ , then we would expect that
͑a͒ Line-averaged electron density from the microwave interferometer plotted against input power for each magnetic field value; ͑b͒ the same data as ͑a͒, with the y axis n e /B 0 2 and x axis P/B 0 .
Assuming that the transition to the H mode occurs when ␦ Ќ decreases to roughly the source diameter, then the above equation implies that it will occur when the ratio n e /B 0 2 reaches a particular value. This scaling is evident in the experiment, the constant of proportionality for a skin depth equal to the source diameter ͑0.15 m͒ being
which is very close to the experimentally measured value, suggesting that the penetration of the antenna fields into the plasma across the magnetic field is in fact related to the conductivity across the field in the way described above and is responsible for the transition to the H mode.
B. Wave magnetic field measurements
Amplitude and phase measurements of the wave magnetic field in the x and y directions were made as a function of z along the axis of the source, for dc magnetic field settings between 33 and 100 G at various input powers up to 1200 W. Figure 3 shows the amplitude ͓͑a͒ and ͑b͔͒ and phase ͓͑c͒ and ͑d͔͒ data for the cases of 200 and 900 W at 50 G. This figure shows that at low power ͑below the transition to the H mode͒ only the y component of the field is strongly peaked under the antenna, and the phase difference between the two components is Ϸ180°͑note that there exists a phase ambiguity of 180°in the probe between the y and Ϫy directions͒. These measurements are consistent with the fields expected if a single current loop oriented in the xϪz plane is dominant, where the field would be maximum in the center and oriented in the y direction. This current loop is produced by the diametrically opposed axial wires of the antenna. The small peak in B x under the antenna is harder to explain in terms of the antenna geometry and may be due to a slight misalignment of the probe.
The phase variation in the axial direction is typical of a standing wave inside the antenna, with phase changes of 180°corresponding to the minima in amplitude. The gradual variation of phase with z downstream from the antenna indicates a traveling wave with very long wavelength ͑ϳ2 m͒.
In the H mode ͑900 W͒, both the x and y components of the wave fields clearly extend beyond the antenna with comparable amplitude, the constantly varying phase indicating a traveling wave with a wavelength of about 50 cm. The phase difference between the x and y components in this case is Ϸ90°. The modulation in the amplitude is probably due to partial reflections of the wave fields as the plasma density decreases rapidly at the ends of the source. Evidence of strong interference under the two end loops of the antenna is again present, with the large modulation in amplitude and phase changes approaching 180°at these positions. 
C. Comparison with the helicon wave dispersion relation
The dispersion relation for helicon waves ͑where the frequency lies between the ion and electron cyclotron frequencies and is much lower than the electron plasma frequency͒ in an ideal, homogeneous system can be written as
where B 0 is the axial dc magnetic field ͑assumed to be constant͒, n e the plasma density, e the electronic charge, 0 the permittivity of vacuum, and the wave number k has perpendicular and parallel components with respect to the magnetic field such that k 2 ϭk ʈ 2 ϩk Ќ 2 . In a conducting cylinder of radius a, k Ќ is taken to be specified by the azimuthal mode number m and the boundary condition that the parallel components of E be zero at radius a. For example, we expect the mϭϩ1 mode to be operating since the 90°phase shift between the x and y components shown in Fig. 3 suggest that right-hand circularly polarized waves exist on axis. The appropriate boundary condition for this case is that
for the wave fields at the radius a, where J 1 is the first-order Bessel function, and the first zero of J 1 (x) occurs at x ϭ3.83, so k Ќ ϭ3.83/a. Note that in this simple analysis the density is assumed to be constant from the center to the edge of the plasma. Generally, the effect of a radial plasma density profile that is peaked in the center is to decrease the value of a, which specifies k Ќ . Although it is clear that traveling waves are present in the H mode ͓Fig. 3͑b͔͒, the modulation caused by interference makes an accurate estimation of the phase velocity difficult. Initially it was hoped that the phase and amplitude variations could be modeled in terms of the interference between a transmitted wave from the antenna arms and reflections from discrete points at either end of the source; however, this turned out to be difficult to interpret. Instead of pursuing more complicated models ͑with increasingly large sets of free parameters͒, we make the assumption that the underlying phase variation when outside the standing wave field of the antenna region (zϾ30 cm) is dominated by a single traveling wave, and may be recovered by simply smoothing over the slight modulations in this region. Carrying out this procedure yielded an estimate of the refractive index parallel to B 0 (N ʈ ϭk ʈ c/) at the position of the interferometer measurement of density (zϭ37 cm) for each case. This data is plotted in Fig. 4 , which shows N ʈ as a function of n e /B 0 . Values of N ʈ from the dispersion relation for helicon waves described earlier are shown as solid and dotted lines in this figure for the mϭϩ1 azimuthal mode and a plasma radius of 7 and 3 cm, respectively. The dispersion relation predicts an almost linear variation of N ʈ with n e /B 0 , whereas the experimental values have an approximately constant value of N ʈ Ϸ50 ͑which corresponds to a phase velocity of 6ϫ10 6 m/s͒ above the transition to an H mode and N ʈ Ϸ10 ͑corresponding to a phase velocity of 3ϫ10 7 m/s͒ below the transition. The value of N ʈ in the H mode corresponds to a wavelength roughly the same size as the source length ͑50 cm͒, which suggests that the axial boundary conditions are more important than the radial boundary conditions in determining the wave structure.
D. Interference between m‫1؉؍‬ and ؊1 wave modes
The phase difference between the x and y components in Figs. 3͑c͒ and 3͑d͒ was investigated further under the same conditions by rotating the probe at constant axial positions zϭ27, 37, and 47 cm ͑2, 12 and 22 cm below the lower arm of the antenna͒ to obtain the amplitude and phase variation as a function of azimuthal angle at 200 and 900 W. The results plotted in Fig. 5 , with polar diagrams for the amplitude ͓͑a͒ and ͑b͔͒ and linear plots for the phase ͓͑c͒ and ͑d͔͒.
The polar plot of the amplitude at 200 W resembles a set of figure-eight patterns, with the minima in amplitude corresponding to rapid changes in phase of 180°. The polar plot of the amplitude at 900 W is more ellipsoidal, and the phase smoothly decreases with azimuthal angle. The low-power case is characteristic of a linear polarization of the antenna fields in the y direction, whereas the high-power case is characteristic of an elliptical polarization in the right-hand sense with respect to the magnetic field direction ͑which is opposite to z͒.
This may be thought of in terms of the cylindrical geometry of the system ͑where oscillations are taken to have the form exp͓i(kzϪmϪt)͔ as the interference of an m ϭϩ1 mode with amplitude A R , axial wave number k R , and an mϭϪ1 mode with amplitude A L , axial wave number k L . ͑The minus sign in front of m in this expression is present because the magnetic field direction is Ϫz in this experiment.͒ It can easily be shown that the total amplitude A of the interfering modes is given by
where ϭ(k L Ϫk R )zЈ is the difference in phase between the interfering signals at the position zЈ below the antenna. This equation was fitted to the data to obtain values of A R , A L , and and the results are shown in Fig. 6 for the amplitude of the high-and low-power cases. The excellent fits obtained allowed the ratio A L /A R and the phase difference to be obtained, and they are shown as a function of z in Fig. 7 . Note that the interference maxima in Fig. 6 are given from Fig. 7͑b͒ by ϭϪ/2 ͓i.e., where cos͑2ϩ͒ in Eq. ͑7͒ is maximum͔.
At low power and close to the antenna, Fig. 7͑a͒ shows the amplitude of the mϭϪ1 wave is more than 50% of the amplitude of the mϭϩ1 wave, resulting in the linear polarization; however, the mϭϩ1 wave becomes more dominant as the distance from the antenna increases. This is consistent with the notion that the mϭϪ1 mode is only present as a forced oscillation near the antenna, which has been previously noted. 13 Above the transition to the H mode, Fig. 7͑a͒ clearly shows that the mϭϩ1 wave dominates everywhere to produce the right-hand elliptical polarization on axis, with the ratio A L /A R remaining roughly constant at less than 20%. Hence the power coupling ratio to the mϭϪ1 mode ͓(A L /A R ) 2 ͔ is less than 4%. The phase shift between the mϭϩ1 and Ϫ1 modes evident in Fig. 7͑b͒ for the high-power case shows a decreasing trend with z. This implies that k R is greater than k L , indicating that Faraday rotation of the wave field occurs due to the differing axial phase velocities between the mϭϩ1 and Ϫ1 waves, with the mϭϪ1 wave propagating faster than the mϭϩ1 wave to cause the negative phase shift ͑and hence the positive rotation of the interference maxima͒. The rate of rotation with distance is d/dzϳa revolution per meter, indicating that the velocity difference between the two modes is ϳ5ϫ10 6 m/s, that is, the m ϭϪ1 wave propagates about twice as fast as the mϭϩ1 wave. This implies that the mϭϪ1 wave has a wavelength longer than the system length, and the definition of this field as a propagating wave and not simply an oscillation is problematical. For this experiment a similar behavior would be expected if the left-hand polarized wave were evanescent.
The small positive slope in in Fig. 7͑b͒ for the lowpower case indicates that the mϭϩ1 wave has a higher phase velocity than the mϭϪ1 wave according to the above analysis, however, the interpretation of the fields in the lowpower regime as traveling waves is questionable, given that the wavelength is much longer than the length of the system. Once again, similar results would be expected if the wave fields were evanescent.
There is little evidence of the helicon waves propagating down the plasma column having an effect on the ionization rate, as the density ͓estimated by Ar͑I͒ optical emission measurements across the diameter between solenoid positions͔ decreases roughly with the magnetic field in all cases with increasing z below the antenna. The lowest-wavelength measurement of about 45 cm corresponds to a phase velocity of 6.1ϫ10 6 m/s, which is twice as fast as the optimum velocity desired for electron trapping to make a significant contribution to the ionization. 6 It is therefore not surprising that no effect on the ionization rate is seen.
IV. CONCLUSION
A set of measurements of the plasma density and perpendicular wave magnetic field have been carried out as functions of the input power and magnetic field in a helicon plasma source. A transition in the coupling mechanism is clearly apparent in these measurements, as a rapid change in density with the input power that scales with the magnetic field, and a dramatic alteration in the wave field structure. Below the transition the field is a predominantly plane polarized standing wave that is peaked under the antenna, whereas above the transition, the wave propagates as a right-hand elliptically polarized traveling wave, with roughly the same axial phase velocity, regardless of the plasma conditions. This data indicates that the transition to the H mode in this experiment is caused by a positive feedback mechanism, as the conductivity across the magnetic field increases and an associated skin depth for power deposition decreases to the source diameter. There is no conclusive evidence that the helicon waves excited in this experiment actually couple power to the plasma, although a clear preference is observed for the mϭϩ1 azimuthal mode. A difference in the dispersion of the mϭϩ1 and Ϫ1 modes is suggested by the apparent Faraday rotation of the interfering waves. 
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FIG. 7.
͑a͒ Ratio of the interfering left-and right-hand circularly polarized components, obtained from the curve fits in Fig. 6 as functions of position. ͑b͒ The phase shift caused by differing axial wave numbers k R and k L . Note that the rotation angle of the interference maxima in Fig. 6 is given by ϭϪ/2.
